1. Introduction {#s0005}
===============

In dairy cattle, diarrhea is considered one of the most common syndromes in neonates, resulting in high morbidity and mortality during the first 4 weeks of life ([@b0150]). Neonatal diarrhea is primarily caused by the four most prevalent enteropathogens in calves including rotavirus, coronavirus, *Escherichia coli* K99, and *Cryptosporidium* spp. ([@b0095]). Mono-infections with one pathogen or co-infections with two or more pathogens are commonly seen ([@b0030], [@b0035]). Among them, *Cryptosporidium* spp. and rotavirus are most frequently identified in fecal specimens from neonatal calves all over the world ([@b0040], [@b0010], [@b0100]).

*Cryptosporidium* spp. are important protozoan parasites that infect a wide variety of vertebrates including humans and farm animals ([@b0070]). The association of *Cryptosporidium* infection with bovine diarrhea was first reported in 1978 ([@b0110]). This was followed by direct demonstration of the occurrence of diarrhea in experimentally infected calves ([@b0145]). Since then, cryptosporidiosis has been considered one of the most important causes of diarrhea and enteritis in neonatal calves globally ([@b0025], [@b0045], [@b0165]). Recently, several cryptosporidiosis outbreaks have been reported in neonatal calves in Australia, Estonia, India and China, resulting in high mortality and substantial economic losses ([@b0085], [@b0115], [@b0050], [@b0030], [@b0105]).

Four *Cryptosporidium* spp. including *Cryptosporidium parvum*, *Cryptosporidium bovis*, *Cryptosporidium ryanae* and *Cryptosporidium andersoni* are responsible for the majority of *Cryptosporidium* infections in cattle, with *C. parvum* dominating in pre-weaned calves, *C. bovis* and *C. ryanae* in post-weaned calves, and *C. andersoni* in adult cattle in most areas ([@b0170]). Among them, *C. parvum* accounts for over 90% of *Cryptosporidium* infections in neonatal calves, and is the only major pathogenic and zoonotic species in dairy cattle ([@b0140]). The pathogenicity of *C. bovis* and *C. ryanae* in post-weaned calves has not been established ([@b0140]).

Within *C. parvum*, many subtypes exist based on sequence characterizations of the 60 kDa glycoprotein (*gp60*) gene. Among them, calves in most industrialised countries are commonly infected with IIa subtypes, especially subtype IIaA15G2R1 ([@b0170]). In addition, IId subtypes have been identified in dairy calves in some countries such as Sweden, Turkey, Romania and Egypt ([@b0020], [@b0160], [@b0080], [@b0135]). In contrast, pre-weaned dairy calves in China are commonly infected with *C. bovis*, and when they are infected with *C. parvum*, almost exclusively with IId subtypes, especially IIdA15G1 and IIdA19G1 ([@b0075])

In 2016, a diarrhea outbreak was identified in neonatal dairy calves on a large dairy farm in Jiangsu Province, China. Approximately 60% of neonatal calves on this farm died due to severe watery diarrhea. This study aims to explore causes of the diarrhea outbreak, as well as the pathogenicity of the three most common *Cryptosporidium* spp. in dairy calves.

2. Materials and methods {#s0010}
========================

2.1. Ethics statement {#s0015}
---------------------

Fecal specimens from dairy cattle in this study were collected with the permission of the farm manager, and the cattle were handled in accordance with the Animal Ethics Procedures and Guidelines of the People's Republic of China. The research protocol was reviewed and approved by the Ethics Committee of the South China Agricultural University.

2.2. Animals and specimens {#s0020}
--------------------------

This study took place on a large dairy farm in Jiangsu Province in East China. There were approximately 5500 dairy cattle including ∼600 neonatal calves on this farm. The majority of animals on the farm were of the Holstein breed, with fewer than 50 of the Jersey breed. From January to April in 2016, a diarrhea outbreak in neonatal dairy calves was noticed on the study farm, with watery diarrhea occurring in over 400 pre-weaned calves ([Fig. 1](#f0005){ref-type="fig"} A). Approximately 360 calves died at 10--20 days of age despite being treated with broad-spectrum antibiotics. To identify the cause of the outbreak, fecal specimens were collected from 18 seriously ill calves during the outbreak in April 2016 ([Table 1](#t0005){ref-type="table"} ).Fig. 1A diarrhea outbreak in pre-weaned dairy calves on a farm in Jiangsu, China. (A) Two seriously ill calves during the outbreak. (B) Rotavirus infection rates by age in weeks after the outbreak.Table 1Detection of common enteric pathogens in fecal specimens from 18 seriously ill calves during a diarrhea outbreak on a farm in Jiangsu, China using an enzymatic immunoassay (EIA) test and PCR.SpecimenAge (weeks)EIA test*Cryptosporidium* PCR at the *ssrRNA* locus*Cryptosporidium* sp.*C. parvum* subtypeRotavirusCoronavirus*Escherichia coli* K99*Cryptosporidium*231512+−−−−−−231522+−−−−−−231532−−−++*C. parvum*IIdA19G1231542+−−−−−−231552+−−++*C. parvum*IIdA19G1231562+−−++*C. parvum*IIdA19G1231572+−−++*C. parvum*IIdA19G1231582−−−++*C. parvum*IIdA19G1231592+−−++*C. parvum*IIdA19G1231602+−−++*C. parvum*IIdA19G1231612−−−++*C. parvum*IIdA19G1231622−−−++*C. parvum*IIdA19G1231632−−−++*C. parvum*IIdA19G1231642−−−++*C. parvum*IIdA19G1231652−−−−+*C. parvum*IIdA19G1231662−−−++*C. parvum*IIdA19G1231672−−−++*C. parvum*IIdA19G1231681−−−−+*C. parvum*−[^1]

To further investigate the transmission and pathogenicity of *Cryptosporidium* spp. after the outbreak, 1372 fecal specimens were collected from pre-weaned (\<3 months), post-weaned (3--12 months), and adult (\>24 months) dairy cattle on the farm in May 2016 (*n* = 356), August 2016 (*n* = 512), June 2017 (*n* = 304), and November 2017 (*n* = 200) ([Table 2](#t0010){ref-type="table"} ). Fecal specimens were divided into three groups: formed feces from animals with no diarrhea (*n* = 1126), loose feces from animals with moderate diarrhea (*n* = 149), and liquid feces from animals with watery diarrhea (*n* = 97). Feces were collected directly from the rectum of each cattle, using disposable gloves, into 50 mL centrifuge tubes. Approximately 1 g of each fecal specimen was transferred into a 1.5 mL tube and kept frozen at −80 °C, while the remaining feces were stored in 2.5% potassium dichromate at 4 °C.Table 2Association between *Cryptosporidium* infection and occurrence of diarrhea in pre-weaned, post-weaned, and adult dairy cattle after a diarrhea outbreak on a farm in Jiangsu, China.AgeAnimal groupSample sizeNo. positive for *Cryptosporidium* (%)*Cryptosporidium* spp.*C. parvumC. ryanaeC. bovisC. andersoniC. ryanae* + *C. bovisC. parvum* + *C. bovis*Pre-weanedNo diarrhea45083 (18.4)461415062Moderate diarrhea10135 (34.7)1197053Watery diarrhea6121 (34.4)1640010**Subtotal612139 (22.7)7327220125**Post-weanedNo diarrhea43929 (6.6)2105273Moderate diarrhea469 (19.6)042030Watery diarrhea295 (17.2)032000**Subtotal51443 (8.4)21792103**AdultsNo diarrhea1942 (1.0)010100Watery diarrhea10 (0)000000**Subtotal1952 (1.0)010100**UnknownNo diarrhea4310 (23.3)430030Moderate diarrhea20 (0)000000Watery diarrhea61 (16.7)000010**Subtotal5111 (21.6)430040Total1372195 (14.2)7948313268**

2.3. Detection of common enteric pathogens by enzymatic immunoassay (EIA) {#s0025}
-------------------------------------------------------------------------

To perform a preliminary diagnosis of the cause of the calf diarrhea, fecal specimens of 18 seriously ill calves submitted by the farmer were tested by enzymatic immunoassay (EIA) for the four most common enteric pathogens in cattle. In this, 200 mg of frozen fecal specimen were tested for rotavirus, coronavirus, *Escherichia coli* K99, and *Cryptosporidium* spp. by using the Pathasure Enteritis EIA kit (Biovet, Saint-Hyacinthe, Canada). In addition, rotavirus in 418 fecal specimens collected after the diarrhea outbreak from both pre-weaned (*n* = 212) and post-weaned (*n* = 206) calves was tested using the ProSpecT Rotavirus Kit (Thermo-Oxoid, Basingstoke, UK).

2.4. DNA extraction {#s0030}
-------------------

For all 1390 fecal specimens preserved in potassium dichromate, including the 18 specimens collected during the outbreak, 200 mg of feces were washed three times with distilled water by centrifugation at 2000*g* for 10 min. Genomic DNA was extracted from the washed specimens by using the FastDNA SPIN Kit for Soil (MP Biomedicals, CA, USA), and stored at −80 °C until being analysed by PCR.

2.5. *Cryptosporidium* detection, genotyping and subtyping {#s0035}
----------------------------------------------------------

*Cryptosporidium* spp. in the specimens were detected by nested PCR amplification of a ∼830 bp fragment of the ssrRNA gene, and were genotyped by restriction fragment length polymorphism (RFLP) analysis of the secondary PCR products, using restriction enzymes *Ssp*I and *Mbo*II (New England BioLabs, MA, USA) ([@b0065]). To identify the *C. parvum* subtype involved, a ∼850 bp fragment of the *gp60* gene was amplified by nested PCR ([@b0060]). Each specimen was analysed twice by PCR at each genetic locus. Reagent-grade water was used as the negative control, whereas *Cryptosporidium canis* DNA was used as the positive control for the ssrRNA PCR and *Cryptosporidium hominis* DNA as the positive control for the *gp60* PCR.

2.6. Sequence analysis {#s0040}
----------------------

Representative positive PCR products of the ssrRNA gene, including at least two of each *Cryptosporidium* spp. identified, were sequenced to confirm the RFLP results. For subtyping of *C. parvum*, all positive PCR products of the *gp60* gene were sequenced. PCR products were sequenced in both directions on an ABI 3730 Genetic Analyzer (Applied Biosystems, CA, USA). The sequences obtained were assembled using ChromasPro (<http://www.technelysium.com.au/ChromasPro.html>), edited using BioEdit (<http://www.mbio.ncsu.edu/BioEdit/bioedit.html>), and aligned with reference sequences in the GenBank database using ClustalX ([[http://clustal.org/]{.ul}](http://clustal.org/){#ir015}) to determine *Cryptosporidium* spp. and subtypes.

2.7. Statistical analysis {#s0045}
-------------------------

Data in this study were statistically analysed using the software package R version 3.5.0 ([[https://www.r-project.org/]{.ul}](https://www.r-project.org/){#ir020}). The *χ* ^2^ test was used to compare differences in *Cryptosporidium* or rotavirus infection rates between age groups or animals with or without diarrhea. To conduct a risk factor analysis, animals meeting the criteria of moderate or watery diarrhea were considered as cases of diarrhea. Logistic regression was used to assess the association between putative risk factors and the occurrence of diarrhea, using data from 886 calves of 0--6 months in age after the diarrhea outbreak. Initially, the strength of association was assessed using a univariate model at the liberal *P* ≤ 0.2. Variables significant at *P* ≤ 0.2 were thereafter used to build a multivariate model, with *P* \< 0.05 being considered significant in the final model. Odds ratios (OR) with 95% confidence intervals (CI) were used to identify risk factors for diarrhea occurrence in calves.

3. Results {#s0050}
==========

3.1. Occurrence of enteric pathogens in ill calves during the outbreak {#s0055}
----------------------------------------------------------------------

In the initial EIA diagnosis of major enteric pathogens in 18 specimens from seriously ill calves ([Fig. 1](#f0005){ref-type="fig"}A), we found that 13 were positive for *Cryptosporidium* spp., eight for rotavirus, and all negative for coronavirus or *E. coli* K99 ([Table 1](#t0005){ref-type="table"}). These 18 specimens were further analysed for *Cryptosporidium* spp. by the ssrRNA-based PCR, which led to the identification of *C. parvum* in 15 of them including all 13 EIA positive specimens. Fourteen of the *C. parvum*-positive specimens were successfully subtyped as IIdA19G1 by sequence analysis of the *gp60* gene.

3.2. Occurrence of rotavirus in pre- and post-weaned dairy calves after the outbreak {#s0060}
------------------------------------------------------------------------------------

Among the 1372 fecal specimens collected from calves after the diarrhea outbreak, 418 were tested for rotavirus by EIA. Altogether, 38/212 (17.9%) specimens from pre-weaned calves were positive, while 6/206 (2.9%) specimens from post-weaned calves were positive. The infection rate of rotavirus in pre-weaned calves was highest (33.9%) at 1 week of age, decreased afterwards in calves of 2--5 weeks of age, and mostly remained zero in calves older than 6 weeks ([Fig. 1](#f0005){ref-type="fig"}B). In pre-weaned calves, the highest infection rate for rotavirus occurred in calves with watery diarrhea (28.0%), followed by those without diarrhea (17.6%) and with moderate diarrhea (10.0%). In post-weaned calves, infection with rotavirus was similar among animals with watery diarrhea (2.6%), moderate diarrhea (3.1%) and no diarrhea (2.9%). Pairwise *χ* ^2^ analysis showed that none of the differences between any two of the symptom groups of pre- and post-weaned calves reached significance (*P* \> 0.05; [Table 3](#t0015){ref-type="table"} ).Table 3Statistical significance for associations between *Cryptosporidium* or rotavirus infections and occurrence of moderate or watery diarrhea in pre-weaned and post-weaned dairy calves on a farm in Jiangsu, China, as indicated by results of χ^2^ analysis.AgePathogensModerate diarrheaWatery diarrheaχ^2^OR (95% CI)*P*χ^2^OR (95% CI)*P*Pre-weaned*Cryptosporidium* spp.12.8772.3 (1.5, 3.8)0.000[b](#tblfn2){ref-type="table-fn"}8.4642.3 (1.3, 4.1)0.003[b](#tblfn2){ref-type="table-fn"}*C. parvum*0.0401.1 (0.5, 2.2)0.84212.9113.1 (1.6, 6.0)0.000[b](#tblfn2){ref-type="table-fn"}*C. ryanae*6.9373.0 (1.3, 7.3)0.008[b](#tblfn2){ref-type="table-fn"}1.0002.2 (0.7, 6.9)0.171*C. bovis*1.9252.2 (0.9, 5.4)0.095NANANA*C. ryanae* + *C. bovis*3.8223.9 (1.2, 12.9)0.019[a](#tblfn1){ref-type="table-fn"}NANANARotavirus1.7510.5 (0.2, 1.4)0.1862.1641.8 (0.8, 4.0)0.141  Post-weaned*Cryptosporidium* spp.7.9723.4 (1.5, 7.8)0.002[b](#tblfn2){ref-type="table-fn"}3.1252.9 (1.0, 8.3)0.033[a](#tblfn1){ref-type="table-fn"}*C. ryanae*4.0424.1 (1.2, 13.6)0.013[a](#tblfn1){ref-type="table-fn"}NANANARotavirus0.1641.1 (0.2, 6.5)0.9510.2330.9 (0.1, 8.9)0.929[^2][^3][^4]

3.3. Occurrence of *Cryptosporidium* spp. in dairy cattle after the outbreak {#s0065}
----------------------------------------------------------------------------

Of the 1372 fecal specimens collected after the diarrhea outbreak, 195 (14.2%) were positive for *Cryptosporidium* spp. by PCR analysis of the ssrRNA gene ([Table 2](#t0010){ref-type="table"}). The highest infection rate was 22.7% (139/612) in pre-weaned calves, followed by post-weaned calves (8.4%; 43/514) and adult cattle (1.0%, 2/195) ([Table 2](#t0010){ref-type="table"}). Pairwise *χ* ^2^ analysis among the three age groups all showed highly significant differences in infection rates (*P* \< 0.001). In pre-weaned calves, the infection rate for *Cryptosporidium* spp. in April 2016 (83.3%) was significantly higher (*P* \< 0.05) than those in May 2016 (21.7%), August 2016 (53.3%), June 2017 (28.2%), and November 2017 (17.6%) ([Fig. 2](#f0010){ref-type="fig"} A). Odds of *Cryptosporidium* infection in calves during the diarrhea outbreak were 4.4--23.5 times higher than after the outbreak. The same trend was also observed in the occurrence of *C. parvum*; 83.3%, 3.7%, 46.7%, 22.5% and 16.5% of specimens were positive in April 2016, May 2016, August 2016, June 2017, and November 2017, respectively ([Fig. 2](#f0010){ref-type="fig"}A). The occurrence of *C. parvum* infection during the outbreak was also significantly higher (*P* \< 0.05) compared with after the outbreak, with OR = 5.7--129.6.Fig. 2*Cryptosporidium* infection in pre-weaned dairy calves on a farm in Jiangsu, China, with a diarrhea outbreak. (A) Temporal variation in infection rates of *Cryptosporidium* spp. and *Cryptosporidium parvum*. (B) *Cryptosporidium* infection rates by age in weeks after the outbreak. (C) Distribution of *Cryptosporidium* spp. by age in weeks after the outbreak.

3.4. Distribution of *Cryptosporidium* spp./subtypes after the outbreak {#s0070}
-----------------------------------------------------------------------

RFLP analysis was successful for all 195 ssrRNA PCR-positive specimens, allowing the identification of four *Cryptosporidium* spp. in dairy cattle. Overall, *C. parvum* was the most frequently identified species (*n* = 79), followed by *C. ryanae* (*n* = 48), *C. bovis* (*n* = 31) and *C. andersoni* (*n* = 3). Concurrent infections with mixed *Cryptosporidium* spp. were detected in 34 cattle and included *C. ryanae*/*C. bovis* (*n* = 26) and *C. parvum*/*C. bovis* (*n* = 8) ([Table 2](#t0010){ref-type="table"}).

In DNA sequence analysis, the representative ssrRNA sequences generated from specimens of *C. parvum* (*n* = 6), *C. ryanae* (*n* = 1), *C. bovis* (*n* = 1) and *C. andersoni* (*n* = 1) were identical to the GenBank reference sequences KP793008, KP793012, KP793007 and KM110052, respectively. For the *C. parvum*-positive specimens, 77/87 specimens were successfully subtyped at the *gp60* locus, and the sequences obtained were all identical to the reference sequence HQ009809 of the subtype IIdA19G1 in GenBank.

3.5. Distribution of *Cryptosporidium* spp. by age after the outbreak {#s0075}
---------------------------------------------------------------------

In pre-weaned calves, infection rates for *Cryptosporidium* spp. varied greatly by age in weeks ([Fig. 2](#f0010){ref-type="fig"}B). The highest infection rate was 51.0% (26/51) at 3 weeks of age, whereas the lowest infection rate (0 or 0/34) was at 5 weeks of age. During the first 3 weeks, 73/79 *Cryptosporidium*-positive calves were infected with *C. parvum* ([Fig. 2](#f0010){ref-type="fig"}C). Afterwards, *C. parvum* disappeared in pre-weaned calves. In contrast, *C. ryanae* and *C. bovis* became the only two species identified in calves of 4--12 weeks of age, and co-infection with the two species was commonly seen in these animals.

In post-weaned calves, *Cryptosporidium* infection rates varied from 0 to 35.4% at 3--12 months of age ([Fig. 3](#f0015){ref-type="fig"} A). The infection rate was highest at 3 months of age, decreased to lower than 10% in calves of 4--6 months of age, and remained mostly near zero in calves older than 6 months. *Cryptosporidium ryanae* was the most common species identified in the 3--6 months age groups ([Fig. 3](#f0015){ref-type="fig"}B). *Cryptosporidium bovis*, the second most common species in post-weaned calves, was frequently seen in mixed infections with *C. ryanae* or *C. parvum*. In contrast to pre-weaned calves, *C. parvum* was rarely detected in post-weaned calves, being identified in only two calves. Thus, *C. parvum* was much less prevalent in post-weaned calves (0.4%) than in pre-weaned calves (11.9%; *χ* ^2^ = 59.831, *P* = 0.000). In addition, *C. andersoni* was detected in two calves of 12 months of age and one adult animal.Fig. 3*Cryptosporidium* infection in post-weaned dairy calves on a farm in Jiangsu, China, after a diarrhea outbreak. (A) *Cryptosporidium* infection rates by age in months. (B) Distribution of *Cryptosporidium* spp. by age in months.

3.6. Correlation between *Cryptosporidium* spp. and diarrhea occurrence after the outbreak as indicated by *χ*^2^ analysis {#s0080}
--------------------------------------------------------------------------------------------------------------------------

In pre-weaned calves, *Cryptosporidium* infection rates in calves with moderate diarrhea (34.7%) or watery diarrhea (34.4%) were significantly higher than in calves without diarrhea (18.4%; *P* \< 0.01) ([Table 2](#t0010){ref-type="table"}, [Table 3](#t0015){ref-type="table"}). For *C. parvum*, the infection rate in calves with watery diarrhea (26.2%) was higher than in calves with moderate diarrhea (10.9%) or no diarrhea (10.2%). The difference in infection rates for *C. parvum* was highly significant between calves with watery diarrhea and no diarrhea (*χ* ^2^ = 12.911, *P* = 0.000). Unlike *C. parvum*, the *C. ryanae* infection rate in calves with moderate diarrhea (8.9%) was significantly higher than that in calves without diarrhea (3.1%; *χ* ^2^ = 6.937, *P* = 0.008). In contrast, the presence of *C. bovis* was similar between calves with moderate diarrhea (6.9%) and no diarrhea (3.3%; *P* = 0.095).

In post-weaned calves, the highest *Cryptosporidium* infection rate was observed in calves with moderate diarrhea (19.6%), followed by those with watery diarrhea (17.2%) and no diarrhea (6.6%) ([Table 2](#t0010){ref-type="table"}). The difference in *Cryptosporidium* infection rates was highly significant between calves with moderate diarrhea and no diarrhea (*χ* ^2^ = 7.972, *P* = 0.002) ([Table 3](#t0015){ref-type="table"}). Among *Cryptosporidium* spp., only *C. ryanae* had sufficient positive specimens to perform the correlation analysis on occurrence of diarrhea, showing that the infection rate in animals with moderate diarrhea (8.7%) was significantly higher than those without diarrhea (2.3%; *χ* ^2^ = 4.042, *P* = 0.013).

3.7. Risk factors for occurrence of diarrhea after the diarrhea outbreak as indicated by univariate and multivariate analyses {#s0085}
-----------------------------------------------------------------------------------------------------------------------------

In the univariate analysis of risk factors associated with the occurrence of diarrhea in calves of 0--6 months of age after the diarrhea outbreak, *Cryptosporidium*-positive animals had a significantly higher chance of having diarrhea (*P* = 0.000; [Table 4](#t0020){ref-type="table"} ), especially moderate diarrhea (*P* = 0.002). Among *Cryptosporidium* spp., *C. parvum* infection (*P* = 0.004) was a risk factor for the occurrence of watery diarrhea, while *C. ryanae* (*P* = 0.000) or *C. bovis* (*P* = 0.001) infection was a risk factor for the occurrence of moderate diarrhea. Surprisingly, we found no evidence showing age as a significant risk factor for the occurrence of diarrhea in pre- and post-weaned calves in this investigation (*P* = 0.779). Further analysis using the multivariate model showed that the association of *C. ryanae* or *C. bovis* infection and the occurrence of moderate diarrhea was just below statistical significance (*P* = 0.055 and 0.062, respectively; [Table 4](#t0020){ref-type="table"}).Table 4Association between *Cryptosporidium* spp. and occurrence of diarrhea in dairy calves after a diarrhea outbreak on a farm in Jiangsu, China, as indicated by results of univariate and multivariate analyses.Diarrhea statusFactorUnivariate modelMultivariate modelOR95% CI*P*OR95% CI*P*Watery diarrhea*Cryptosporidium* infection Yes1.81.1--2.90.023[a](#tblfn3){ref-type="table-fn"}1.20.6--2.40.583 *C. parvum*2.41.3--4.30.004[b](#tblfn4){ref-type="table-fn"}2.00.9--4.90.108 *C. ryanae*1.30.6--2.70.521NANANA *C. bovis*0.50.1--1.30.216NANANA No1Reference1ReferenceAge Pre-weaned (\<3 months)1.10.8--1.50.779NANANA Post-weaned (3--6 months)1Reference1Reference  Moderate diarrhea*Cryptosporidium* infection Yes1.91.3--2.80.002[b](#tblfn4){ref-type="table-fn"}1.10.6--2.00.709 *C. parvum*0.90.5--1.70.850NANANA *C. ryanae*2.71.5--4.70.000[b](#tblfn4){ref-type="table-fn"}2.01.0--4.10.055 *C. bovis*2.71.5--4.80.001[b](#tblfn4){ref-type="table-fn"}2.01.0--4.10.062 No1Reference1ReferenceAge Pre-weaned (\<3 months)1.00.8--1.30.916NANANA Post-weaned (3--6 months)1Reference1Reference  Any diarrhea*Cryptosporidium* infection Yes2.11.5--3.00.000[b](#tblfn4){ref-type="table-fn"}2.40.7--7.90.142 *C. parvum*1.61.0--2.50.0660.70.2--2.50.629 *C. ryanae*2.51.5--4.10.001[b](#tblfn4){ref-type="table-fn"}1.20.4--3.50.760 *C. bovis*1.81.0--3.10.039[a](#tblfn3){ref-type="table-fn"}0.80.3--2.00.657 No1Reference1ReferenceAge Pre-weaned (\<3 months)1.00.8--1.30.779NANANA Post-weaned (3--6 months)1Reference1Reference[^5][^6][^7]

4. Discussion {#s0090}
=============

We identified cryptosporidiosis as the likely cause for the outbreak of watery diarrhea in pre-weaned calves described in this study. This was largely based on results of the initial EIA test, which identified the presence of *C. parvum* and rotavirus in the 18 seriously ill calves examined during the outbreak. Two other common enteropathogens for neonatal calf diarrhea, coronavirus and *E. coli* K99, were ruled out as the cause of the diarrhea. The role of rotavirus in the occurrence of the diarrhea outbreak appears to be small, as only fewer than half of the seriously ill calves had the infection and rotavirus infection was not significantly associated with the occurrence of moderate or watery diarrhea in calves during post-outbreak investigation. This was further supported by the peak occurrence of rotavirus infection in calves at 1 week of age, which is slightly earlier than the age range (10--20 days) of ill calves during the outbreak. The identification of cryptosporidiosis as the cause of the diarrhea outbreak was substantiated by genotyping of *Cryptosporidium* spp. in calves. All *Cryptosporidium*-positive ill calves had *C. parvum* instead of *C. bovis*, which is the dominant *Cryptosporidium* sp. in pre-weaned calves in China but mostly avirulent ([@b0075]). In addition, the occurrence of *C. parvum* in pre-weaned calves was significantly higher during the outbreak than after the outbreak (OR = 5.7--129.6), and *C. parvum* infection was associated with the occurrence of watery diarrhea in pre-weaned calves in a post-outbreak investigation. Nevertheless, rotavirus could have played a secondary role in the outbreak of watery diarrhea in pre-weaned dairy calves on the farm, as suggested by investigations of outbreaks of calf diarrhea in Australia and India ([@b0085], [@b0030]). In this study, pathological investigations were not conducted on dead calves due to the distant nature of the farm from research facilities. We became involved with the investigation when the outbreak was nearing the end, and the fecal specimens from the 18 seriously ill calves were received by express mail.

Compared with numerous reports of cryptosporidiosis outbreaks in humans, only a limited number of outbreaks have been documented in dairy calves ([@b0120], [@b0015], [@b0175]). In these earlier studies, the detection of *Cryptosporidium* infections was based on microscopy or an EIA test. Although the species involved was unknown, it was reasonable to assume that these outbreaks were caused by *C. parvum*, which is well known to cause watery diarrhea ([@b0095]). In one recent study in Estonia, however, the *C. parvum* subtype IIaA18G1R1 was identified as the cause of a cryptosporidiosis outbreak in pre-weaned dairy calves ([@b0105]). Similarly in China, the only reported bovine cryptosporidiosis outbreak was caused by the *C. parvum* subtype IIdA15G1 ([@b0050]). That outbreak occurred on a dairy farm in Ningxia, northwestern China, leading to the death of 356 calves. Unlike the finding in Ningxia, the bovine cryptosporidiosis outbreak reported in the present study was caused by the *C. parvum* subtype IIdA19G1. Although *C. parvum* is still an emerging *Cryptosporidium* sp. in dairy cattle in China, IIdA15G1 and IIdA19G1 subtypes are dominant *C. parvum* subtypes in pre-weaned dairy calves ([@b0075], [@b0165]).

In this study, we also examined the transmission characteristics of *Cryptosporidium* spp. on this large dairy farm after the diarrhea outbreak. The overall infection rate of *Cryptosporidium* spp. was 14.2%, which is similar to the average prevalence rate (14.0%) in dairy cattle in China ([@b0165]). As in most previous studies in China and elsewhere ([@b0055], [@b0155], [@b0165]), declining infection rates with increased age was also observed in the present study, with the infection rate in pre-weaned calves (22.7%) significantly higher than those in post-weaned calves (8.4%) and adult cattle (1.0%). Among the four *Cryptosporidium* spp. identified on the farm in the present study, *C. parvum* was the most frequently detected species in pre-weaned calves, *C. ryanae* and *C. bovis* were dominant in post-weaned calves, whereas *C. andersoni* was only identified in three older animals. This is largely in agreement with the age-related distribution of *Cryptosporidium* spp. in dairy cattle elsewhere in the world ([@b0170]). However, as in some locations of China ([@b0035], [@b0165]), *C. bovis* and *C. ryanae* were also common in pre-weaned dairy cattle. In fact, *C. ryanae* was not only the most common species identified in post-weaned calves, but also more prevalent than *C. bovis* in pre-weaned calves in the present study. Due to the high infection rates of both *C. bovis* and *C. ryanae*, a high rate of co-infections with the two *Cryptosporidium* spp. was also observed in this study.

As expected, *Cryptosporidium* infection was significantly associated with the occurrence of calf diarrhea in the post-outbreak investigation ([@b0040], [@b0095]). In pre-weaned calves, the *Cryptosporidium* infection rate, especially the one for *C. parvum*, was significantly higher in animals with watery diarrhea than in those with moderate or no diarrhea in *χ* ^2^ analysis. Similar observations were also seen in dairy calves in numerous earlier studies ([@b0005], [@b0035]). However, there was also an association between *C. ryanae* infection and the occurrence of moderate diarrhea in pre-weaned calves. This was also the case with co-infections of *C. ryanae* and *C. bovis*. The association between *C. ryanae* infection and the occurrence of moderate diarrhea was also seen in post-weaned calves. This is contrary to the findings elsewhere that *C. ryanae* has not yet been associated with any clinical signs in infected calves ([@b0165]).

The pathogenicity of *C. parvum* and *C. ryanae* observed in this study was supported by results of the logistic regression analysis. *Cryptosporidium parvum* infection was significantly associated with the occurrence of watery diarrhea in a univariate analysis, whereas *C. ryanae* or *C. bovis* infection was associated with the occurrence of moderate diarrhea. Previously, the pathogenic potential of *C. bovis* was suggested in some earlier reports based on its detection in pre-weaned calves with diarrhea ([@b0125], [@b0130], [@b0090]). The present study represents, to our knowledge, the first description of such an association through statistical analysis of epidemiological data.

In conclusion, we report a cryptosporidiosis outbreak caused by *C. parvum* subtype IIdA19G1 in neonatal calves with significant mortality on a large dairy farm in Jiangsu, China. This serves as new evidence of the virulence of this emerging subtype in the country. In addition, *C. ryanae* and *C. bovis* have been shown as potential causes for moderate diarrhea in dairy calves. The emerging nature of *C. parvum* in farm animals in China, the high mortality in this outbreak, and a lack of effective treatment for cryptosporidiosis highlight the need to develop control measures against the transmission of *C. parvum* on dairy farms.
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[^1]: +, positive; −, negative.

[^2]: NA, not available; OR, odds ratio; CI, confidence interval.

[^3]: *P* \< 0.05.

[^4]: *P* \< 0.01.

[^5]: NA, not available; OR, odds ratio; CI, confidence interval.

[^6]: *P* \< 0.05.

[^7]: *P* \< 0.01.
